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LVGULYHQPHFKDQLFDOO\E\WKHFDPVKDIWDQGUHVXOWVLQJHQHUDWLRQRILQKHUHQWXQGHVLUDEOHQRLVHZKLFKUHQGHUVWKHVRXQGTXDOLW\RI
WKHWUDGLWLRQDOO\VLOHQWSHWUROHQJLQHVLPLODUWRWKDWRIDFRPPRQUDLOGLHVHOHQJLQH7KLVSDSHUJLYHVDFRPSUHKHQVLYHUHYLHZRIWKH
PHDVXUHVGHYHORSHGWRPLWLJDWHWKHLQKHUHQWQRLVHRIWKHKLJKSUHVVXUHGLUHFWLQMHFWLRQV\VWHP)RUWKHKLJKSUHVVXUHSXPS'HVLJQ
RI ([SHULPHQWVZDV HPSOR\HG WR HQDEOH WKH LPSURYHPHQW RI WKHPHFKDQLFDO GHVLJQ DWWULEXWHV RI WKH RXWOHW YDOYH0RGHOEDVHG
FRQWUROGHVLJQDQGDGYDQFHGFRQWURODOJRULWKPVZHUHGHYHORSHGDQGGHSOR\HGRQWKHUHDOWLPHFRQWUROOHUWRUHGXFHWKHQRLVHRIWKH
VROHQRLGYDOYHZKLFKFRQWUROVWKHIORZWKURXJKWKHSXPSKHQFHUHGXFLQJWKHLQOHWYDOYH¶VWLFNLQJQRLVH7KHKLJKSUHVVXUHIXHOLV
GHOLYHUHGIURPWKHSXPSWR WKHFRPEXVWLRQFKDPEHUVYLD WKHKLJKSUHVVXUHIXHO UDLODQG LQMHFWRUVZKHQWKH ODWWHUDUHHQHUJL]HG
WKH\LQGXFHVLJQLILFDQWVWUXFWXUHERUQHYLEUDWLRQLQWKHHQJLQHEORFNZKLFKLQWXUQUHVXOWVLQXQGHVLUDEOHQRLVHWKLVZDVPLWLJDWHG
E\GHYHORSLQJDQLVRODWLRQV\VWHPIRUWKHIXHOUDLODQGDVXVSHQVLRQPRXQWLQJVFKHPHIRUWKHIXHOLQMHFWRUV2XUSDSHUSUHVHQWVWKH
GHWDLOVDQGPHULWVRIWKHVHFRPSRQHQWDQGV\VWHPOHYHOGHYHORSPHQWVHDFKRIZKLFKUHVXOWHGLQQRLVHUHGXFWLRQVRIG%$DW
WKHYDULRXVFKDUDFWHULVWLFIUHTXHQF\EDQGVRIWKHJDVROLQHGLUHFWLRQLQMHFWLRQV\VWHPGXULQJHQJLQHLGOLQJFRQGLWLRQV

3XEOLVKHGE\(OVHYLHU/WG6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI75$

.H\ZRUGVHQJLQHJDVROLQHGLUHFWLQMHFWLRQQRLVHDQGYLEUDWLRQFRQWURO
,QWURGXFWLRQ
,Q WKH SDVW GHFDGH GHSOR\PHQW RI KLJKSUHVVXUH GLUHFW LQMHFWLRQ V\VWHPV LQ JDVROLQH HQJLQHV KDV GUDPDWLFDOO\
LQFUHDVHG SDUWLFXODUO\ LQ WKH (XURSHDQ PDUNHW 8QOLNH WKH FRQYHQWLRQDO SRUWIXHO LQMHFWLRQ 3), HQJLQHV JDVROLQH
GLUHFWLQMHFWLRQ',*HQJLQHVPHFKDQLFDOO\SUHVVXUL]HWKHIXHOWRDFRPPRQUDLOIURPZKLFKWKHIXHOFDQEHLQMHFWHG
GLUHFWO\ LQ WKH FRPEXVWLRQ FKDPEHU HLWKHU HDUO\ GXULQJ YDOYH RSHQ SHULRGV DOORZLQJ VXIILFLHQW WLPH IRU IXHODLU
PL[LQJ DQG KHQFH HQDEOLQJ KRPRJHQHRXV FRPEXVWLRQ RU ODWH GXULQJ WKH FRPSUHVVLRQ VWURNH WR HQDEOH VWUDWLILHG
FKDUJH RSHUDWLRQ RI WKH HQJLQH',* IXHO LQMHFWLRQ V\VWHPV RIIHU VLJQLILFDQW DGYDQWDJHV IRU HQJLQH RXWSXW DQG IXHO
FRQVXPSWLRQFRPSDUHGWR3),HQJLQHV$ONLGDVDQG7DKU\6WUDWLILHGRSHUDWLRQ$ONLGDVHWDODOORZVIRU
RYHUDOO OHDQ RSHUDWLRQ DQG WKLV LQ WXUQ UHGXFHV SXPSLQJ ORVVHV DQG KHDW WUDQVIHU WR WKHZDOOV GXH WR WKH UHODWLYHO\
ORZHUWHPSHUDWXUHVRIWKHJDVHVDGMDFHQWWRWKHZDOOV$QRWKHULPSRUWDQWEHQHILWRI',*LVWKHFKDUJHFRROLQJHIIHFW
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WKLV LV HVSHFLDOO\ LPSRUWDQW IRU HQJLQHV HTXLSSHG ZLWK DPHFKDQLFDO FRPSUHVVRU RU WXUELQH IRU LQWDNH DLU FKDUJLQJ
&KDUJHGHQJLQHVDUHEHFRPLQJLQFUHDVLQJO\ZLGHVSUHDGDVHQJLQHVDUHGRZQVL]HGIRUIXHOHFRQRP\VDYLQJVKRZHYHU
FKDUJLQJOHDGVWRLQFUHDVHGSURSHQVLW\RIWKHJDVROLQHWRDXWRLJQLWHDQGNQRFNDQGWKHFKDUJHFRROLQJKHQFHEHFRPHV
LQFUHDVLQJO\HIIHFWLYH
1RWZLWKVWDQGLQJWKHLUDGYDQWDJHV',*V\VWHPVVXIIHUWZRPDMRUGUDZEDFNVFRPSDUHGWR3),IXHOV\VWHPVILUVWO\
WKHDGGHGFRVW$',*V\VWHPFRPSULVHVDPHFKDQLFDOO\GULYHQSXPSDKLJKSUHVVXUHIXHOUDLOIRUWKHWUDQVSRUWDWLRQ
RIIXHODWSUHVVXUHVW\SLFDOO\XSWR03DDQGWKHIXHOLQMHFWRUVZKLFKLQWURGXFHSUHFLVHDPRXQWVRIIXHOGLUHFWO\LQ
WKHFRPEXVWLRQFKDPEHU$V',*V\VWHPVEHFRPHPDLQVWUHDPDWYDULRXVFDUPDQXIDFWXUHUVWKHFRVWRIVXFKV\VWHPV
DQG FRPSRQHQWV FRXOG EH PLWLJDWHG 7KH VHFRQG GLVDGYDQWDJH LV WKH DGGHG QRLVH DQG YLEUDWLRQ LQKHUHQW ZLWK WKH
SUHVVXULVDWLRQ DQG WUDQVSRUWDWLRQRI IXHO DW YHU\ KLJKSUHVVXUHV*DVROLQH HQJLQHV DUH WUDGLWLRQDOO\TXLHWHU WKDQ WKHLU
GLHVHOVLEOLQJVDQGRQHPDLQUHDVRQLVWKDWIRUPDQ\\HDUVLQVSDUNLJQLWLRQSHWUROHQJLQHVWKHUHZDVQRUHTXLUHPHQW
IRU KLJKSUHVVXUH IXHO GHOLYHU\ DV LV WKH FDVH IRU FRPSUHVVLRQLJQLWLRQGLHVHO HQJLQHV WKHUHIRUH QRLVH DQGYLEUDWLRQ
EHFRPHVDYHU\LPSRUWDQWWRSLFIRUJDVROLQHHQJLQHVZLWKGLUHFWLQMHFWLRQ
,QWKLVSDSHUZHZLOOGLVFXVVWKHPLWLJDWLRQRIQRLVHDQGYLEUDWLRQLQDJDVROLQH',*HQJLQHIURPDFRPSRQHQWDQG
V\VWHPGHVLJQVWDQGSRLQWDVZHOODV IURPDFRQWUROVRSHUDWLRQDOSRLQWRIYLHZ7KHPHDVXUHVKDYHEHHQGHYHORSHG
RYHUWKHFRXUVHRIDQXPEHURI\HDUVLQ+LWDFKL¶VUHVHDUFKDQGGHYHORSPHQWFHQWUHVLQ(XURSHDVZHOODVLQ86DQG
-DSDQ7KHJRDOLV WKHLPSURYHGVRXQGTXDOLW\RIDQHQJLQHHTXLSSHGZLWKD',*V\VWHPZLWKRXWSHQDOW\RQHQJLQH
IXHO FRQVXPSWLRQ DQG HPLVVLRQV KHQFH WKH IRFXV RI WKLV ZRUNZLOO SULPDULO\ EH QRLVHUHGXFWLRQ DOWKRXJK WKHUH LV
QDWXUDOO\DVWURQJUHODWLRQEHWZHHQWKHYLEUDWLRQDQGQRLVHHYHQWV7KLVSDSHULVRUJDQLVHGDVIROORZV6HFWLRQJLYHV
DQRYHUYLHZRIWKH',*IXHOV\VWHP1RLVHUHGXFWLRQWHFKQLTXHVIRUWKHIXHOUDLODQGLQMHFWRUVDUHDGGUHVVHGLQ6HFWLRQ
 ZKHUHDV 6HFWLRQ  JLYHV DQ DFFRXQW RI QRLVH UHGXFWLRQ WHFKQLTXHV IRU WKH KLJKSUHVVXUH IXHO SXPS XVLQJ ERWK
PHFKDQLFDO RSWLPL]DWLRQ EDVHG RQ 'HVLJQ RI ([SHULPHQW DQG LPSURYHG FRQWURO WHFKQLTXHV )LQDOO\ WKH ZRUN LV
VXPPDUL]HGLQ6HFWLRQ
',*)XHO6\VWHP2YHUYLHZ
$W\SLFDO',*V\VWHPFRPSULVHVDVROHQRLGFRQWUROOHGKLJKSUHVVXUHIXHOSXPSD IXHOSLSHDQGIXHOUDLODQGWKH
',* LQMHFWRUV ZKRVH QR]]OHV VSUD\ WKH IXHO GLUHFWO\ LQ WKH FRPEXVWLRQ FKDPEHU 7\SLFDOO\ WKH KLJKSUHVVXUH IXHO
SXPSLVDVLQJOHF\OLQGHUSXPSZKRVHSOXQJHUFRPSUHVVHVWKHIXHOLQLWVFRPSUHVVLRQFKDPEHUGULYHQPHFKDQLFDOO\
E\DQDGGLWLRQDOOREHRQRQHRIWKHHQJLQH¶VFDPVKDIWVUHIHUWR)LJ7KHIXHOLVWKHUHE\FDUULHGE\WKHKLJKSUHVVXUH
IXHOSLSHWRWKHFRPPRQUDLOIRUGLVWULEXWLRQYLDWKHLQMHFWRUV7\SLFDOIXHOSUHVVXUHVLQWKHPDUNHWDUHXSWR03D
ZLWKDWHQGHQF\IRULQFUHDVHGSUHVVXUHVIRUSRWHQWLDOEHQHILWVLQVRRWHPLVVLRQV,QFRPSDULVRQWKHIXHOSUHVVXUHRID
3), V\VWHP LV W\SLFDOO\ LQ WKH RUGHU RI  EDU 03D'XULQJ HQJLQH LGOH FRQGLWLRQV WKH IXHO SUHVVXUH LQ D',*
V\VWHPLVW\SLFDOO\ORZDQGKHQFHWKHQRLVHFRQVLGHUDWLRQVEHFRPHYHU\LPSRUWDQW

)LJ',*HQJLQHRYHUYLHZ
IXHOWDQN
IXHOSLSH
FRPEXVWLRQ
FKDPEHU IXHOLQMHFWRU
IXHO UDLO
SLVWRQ	FRQQHFWLQJURG
HQJLQH
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VSDUNSOXJ
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$ FURVVVHFWLRQDO YLHZ RI D W\SLFDO JDVROLQH GLUHFW LQMHFWLRQ IXHO V\VWHP LV GHSLFWHG LQ )LJ  ZKLFK VKRZV WKH
W\SLFDOFRPSRQHQWVDQGFRQILJXUDWLRQRI VXFKDV\VWHP$W WKHKHDUWRIVXFKDV\VWHPOLHV WKH IXHOSXPS$VQRWHG
HDUOLHU WKHGHOLYHU\RI WKHSXPS LV DFWLYHO\ FRQWUROOHGYLD D VROHQRLGZKRVH HOHFWURPDJQHWLF IRUFH FDQEH DFWLYHO\
LQGXFHGWREDODQFHDQGELDVWKHK\GUDXOLFDQGVSULQJIRUFHVDFWLQJRQWKHLQOHWYDOYH&RQYHUVHO\WKHRXWOHWYDOYHLV
SDVVLYH DQG LWV EHKDYLRU LV HVVHQWLDOO\ GHWHUPLQHG E\ WKH EDODQFH RI WKH K\GUDXOLF IRUFH GHSHQGLQJ RQ WKH IXHO
SUHVVXUHLQWKHKLJKSUHVVXUHIXHOUDLODQGWKHFRPSUHVVLRQFKDPEHURIWKHSXPSLQDGGLWLRQWRWKHVSULQJIRUFH$V
WKHSOXQJHURIWKHSXPSLVOLIWHGE\WKHUHFLSURFDWLQJFDPWKHK\GUDXOLFIRUFHLQWKHFRPSUHVVLRQFKDPEHUWHQGV WR
LQFUHDVHGHSHQGLQJRQZKHWKHUWKHLQOHWFKHFNYDOYHLVRSHQHGRUFORVHG,QWKHIRUPHUFDVHWKHSOXQJHU¶VPRWLRQZLOO
VSLOO IXHOEDFN WR WKH ORZSUHVVXUH LQOHW VLGHZKHUHDV LQ WKH ODWWHUFDVH WKHSUHVVXUHRI WKH IXHO LQ WKHFRPSUHVVLRQ
FKDPEHU UDSLGO\ EXLOGV XS H[FHHGLQJ WKH SUHVVXUH RI WKH UDLO DQG WKHUHE\ RSHQLQJ WKH RXWOHW YDOYH IRU GHOLYHU\
FRQGLWLRQV
7KHGHVLJQRIW\SLFDOKLJKSUHVVXUHIXHOSXPSVFDQEHFDWHJRUL]HGLQWRWZRVFKHPHVGHSHQGLQJRQWKHW\SHRIWKH
LQOHWYDOYHQRUPDOO\RSHQDQGQRUPDOO\FORVHG)RUWKHQRUPDOO\FORVHGW\SHWKHLQOHWYDOYHLVFRQILJXUHGVXFKWKDW
LQ WKHDEVHQFHRIDQ\H[WHUQDOHOHFWURPDJQHWLF IRUFH WKHYDOYHZRXOGFORVHGXULQJ WKH FRPSUHVVLRQ VWURNH WKHUHE\
OHDGLQJWRIXOOGHOLYHU\LQHDFKFRPSUHVVLRQHYHQW$VFDQEHH[SHFWHGWKHLQFOXVLRQRIDUHOLHIYDOYHLQWKHSXPSRU
IXHO UDLO LVRI XWPRVW LPSRUWDQFH)RUDQRUPDOO\RSHQSXPS WKH LQOHW YDOYHZRXOGEHKHOGRSHQE\DYHU\ VWURQJ
VSULQJGXULQJFRPSUHVVLRQUHVXOWLQJLQ]HURGHOLYHU\XQOHVVWKHVROHQRLGLVXVHGWRFRXQWHUDFWDQGRYHUFRPHWKHVSULQJ
IRUFH DQG FORVH WKH YDOYH IRU GHOLYHU\ )LJ  JLYHV D SLFWRULDO FRPSDULVRQ EHWZHHQ WKHVH WZR W\SHV RI SXPSV
LOOXVWUDWLQJWKHGLIIHUHQWQDWXUHRIWKHIRUFHVRQWKHLQOHWDQGRXWOHWYDOYHVGXULQJWKHLQWDNHVSLOODQGGHOLYHU\SKDVHV
RIWKHSXPS¶VRSHUDWLRQDQGLQGLFDWLQJWKHVRXUFHRIQRLVHIRUHDFKW\SH
7KHGUDVWLF UHGXFWLRQRI WKH VSULQJ IRUFH LQ WKHQRUPDOO\FORVHGVROHQRLG OHDGV WR WZRYHU\ LPSRUWDQWEHQHILWV D
VLJQLILFDQWUHGXFWLRQLQWKHHQHUJ\FRQVXPSWLRQUHTXLUHGIRUSXPSRSHUDWLRQDVZHOODVDVLJQLILFDQWUHGXFWLRQLQWKH
LQOHWYDOYH QRLVH 2Q WKH RWKHU KDQG WKH QRUPDO RSHQ VROHQRLG SXPSRIIHUV WKH DGYDQWDJH WKDW WKH SXPSZLOO QRW
UHTXLUH DQ\ HQHUJ\ FRQVXPSWLRQ LQ FDVHV ZKHUH QR IXHO GHOLYHU\ LV UHTXLUHG WKLV VSHFLDO FDVH DSSOLHV IRU HQJLQHV
HTXLSSHGZLWKGXDOLQMHFWLRQV\VWHPVLHERWK',*DQG3),V\VWHPVRQWKHVDPHHQJLQH7KLVZRUNZLOODVVXPHD
QRUPDOFORVHGSXPSLQWKHIXHOV\VWHPDOWKRXJKPRVWRIWKHLGHDVSUHVHQWHGLQWKLVSDSHUFDQEHDSSOLHGWRWKHQRUPDO
RSHQW\SH$GHWDLOHGGHVFULSWLRQRIWKHGHVLJQRIVXFKDSXPSLVEH\RQGWKHVFRSHRIWKLVSDSHUDQGFDQEHIRXQGLQ
7RNXRHWDO


)LJ+LJKSUHVVXUHIXHOSXPSFRQILJXUDWLRQDQGFRPSDULVRQEHWZHHQQRUPDORSHQDQGQRUPDOFORVHGSXPSV


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0LWLJDWLRQRIQRLVHDQGYLEUDWLRQRIWKHIXHOUDLODQGLQMHFWRUV
7KHFRPSRQHQWVRIWKHIXHOV\VWHPQDPHO\WKHIXHOSXPSKLJKSUHVVXUHIXHOSLSHVDQGLQMHFWRUVDFWDVVRXUFHVDQG
UDGLDWRUVRIQRLVH)LJLGHQWLILHVWKHPDLQVRXUFHVRIYLEUDWLRQVDQGVRXUFHVRIQRLVHUDGLDWLRQ7KHPDLQVRXUFHVRI
YLEUDWLRQDUH WKHKLJKSUHVVXUHIXHOSXPSDQG WKH LQMHFWRUV ,W LVFOHDU WKDW WKH LGHDOZD\ WRUHGXFH WKHQRLVHRI WKH
V\VWHPLV WRHOLPLQDWH RU UHGXFH WKHVRXUFHRIYLEUDWLRQ%RWK WKHIXHOSXPSDQG LQMHFWRUVDUH W\SLFDOO\VROHQRLG
DFWXDWHG)RUWKHIXHOSXPSWKHEHKDYLRUDQGSHUIRUPDQFHRIHDFKRILWVYDOYHVZDVLQYHVWLJDWHGFDUHIXOO\WRLGHQWLI\
SRVVLELOLWLHV IRU WKH UHGXFWLRQ RI WKH QRLVH JHQHUDWLRQ SURFHVV LQKHUHQW WR WKH SXPS &RXQWHUPHDVXUHV LQFOXGH WKH
RSWLPL]DWLRQRIWKHJHRPHWULFDOGHVLJQIRUWKHSDVVLYHRXWOHWYDOYHDQGQRLVHUHGXFWLRQYLDFXUUHQWVKDSLQJWHFKQLTXHV
IRU WKH DFWLYHO\FRQWUROOHG LQOHW YDOYH7KLVZLOO EHGLVFXVVHG ODWHU LQ6HFWLRQ6LPLODU WR WKH IXHO SXPS WKH',*
LQMHFWRU LVDOVRVROHQRLGGULYHQW\SLFDOO\KRZHYHUSUHFLVLRQ LVRIXWPRVW LPSRUWDQFH IRUD IXHO LQMHFWRUVLQFHDQ\
IOXFWXDWLRQLQWKHSHUIRUPDQFHRIWKHVROHQRLGDQGYDOYHZLOOUHVXOWLQLQDFFXUDWHIXHOLQMHFWLRQTXDQWLWLHVZLWKVHYHUH
SHQDOWLHVRQWKHHQJLQHHPLVVLRQVDQGSROOXWLRQWKHUHIRUHQRLVHUHGXFWLRQE\FXUUHQWVKDSLQJZDVDYRLGHG


)LJ0HFKDQLVPRIJHQHUDWLRQDQGUDGLDWLRQRIYLEUDWLRQDQGQRLVHLQD',*V\VWHP

:HDGGUHVVHG WKHSUREOHPRIV\VWHPQRLVHUHGXFWLRQE\IRFXVLQJRQ WKHSDWKDQGUDGLDWLRQRI WKHYLEUDWLRQ WKH
YLEUDWLRQ RI WKH IXHO V\VWHP FRPSRQHQWV LV SDUWO\ UDGLDWHG E\ WKH IXHO V\VWHP FRPSRQHQWV WKHPVHOYHV DQG SDUWO\
WUDQVPLWWHGWRWKHHQJLQHF\OLQGHUKHDGDQGEORFNZKLFKLQWXUQDFWDVQRLVHVSHDNHUV:DWDQDEHHWDO7KHUH
DUHPDMRUYLEUDWLRQSDWKVIURPWKHIXHOV\VWHPWRWKHHQJLQH
 WKHPRXQWLQJRIWKHKLJKSUHVVXUHIXHOSXPSWRWKHF\OLQGHUKHDG
 WKHPRXQWLQJRIWKHIXHOSLSHDQGUDLOWRWKHF\OLQGHUKHDG
 WKHPRXQWLQJRIWKHLQMHFWRUWRWKHF\OLQGHUKHDG
7RUHGXFHRUHOLPLQDWHWKHYLEUDWLRQWUDQVPLVVLRQSDWKWRWKHF\OLQGHUKHDGZHFDUHIXOO\LQYHVWLJDWHGWKHPRXQWLQJ
RI WKHVH IXHOV\VWHP FRPSRQHQWV WR WKH F\OLQGHU KHDG 'XUDELOLW\ DQG UHOLDELOLW\ DV ZHOO DV FRVW DUH RI XWPRVW
LPSRUWDQFH IRU PDVVSURGXFWLRQ DSSOLFDWLRQV )RU WKH IXHO UDLO WKH PRXQWLQJ ZDV FKDQJHG WR DQ LVRODWLRQ PHWKRG
ZKHUHE\D UXEEHU LVRODWRUZDV VDQGZLFKHGEHWZHHQ WKH IXHO UDLOPRXQWLQJFOLSVDQG WKHF\OLQGHUKHDG5XEEHUZDV
IRXQG WR EH PRVW HIIHFWLYH IRU QRLVH UHGXFWLRQ )LJ  )RU WKH IXHO LQMHFWRUV ZH RSWHG IRU D VXVSHQVLRQ PHWKRG
ZKHUHLQWKHIXHOLQMHFWRUVZHUHVXVSHQGHGIURPWKHIXHOUDLOVXFKWKDWWKHUHZDVQRPHFKDQLFDOFRQWDFWWRWKHF\OLQGHU
KHDGH[FHSWDWWKHUHVLQWLSVHDOSHUSHQGLFXODUWRWKHLQMHFWRUPRXQWLQJD[LV7KHLVRODWLRQPHWKRGIRUWKHFRPPRQ
UDLODQGVXVSHQVLRQPHWKRGIRUWKHLQMHFWRUVDGGUHVVHGWKHWUDQVPLVVLRQSDWKVOLVWHGDQGDERYH+RZHYHULWZDV
QRW SRVVLEOH WR FKDQJH WKHPRXQWLQJ RI WKH SXPS WR WKH KHDG  VLQFH WKHPHFKDQLFDO GULYH RI WKH SXPS E\ WKH
FDPVKDIWUHTXLUHVDYHU\KLJKULJLGLW\FRXSOLQJKRZHYHUWKHSXPS¶VQRLVHUHGXFWLRQZDVDGGUHVVHGDWWKHVRXUFHDV
ZLOOEHGHVFULEHGLQWKHIROORZLQJVHFWLRQ

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
)LJ&RPPRQ5DLO,VRODWLRQDQG,QMHFWRU6XVSHQVLRQ

7KHQRLVHUHGXFWLRQEHQHILWVRI WKHUDLODQG LQMHFWRU LVRODWLRQDQGVXVSHQVLRQFRQILJXUDWLRQVZHUH LQYHVWLJDWHGRQ
HQJLQHWHVWULJZLWKLQDQDFRXVWLFFKDPEHU7KHHQJLQHZDVVWULSSHGGRZQRIDOOFRPSRQHQWVEXWWKHIXHOV\VWHP7KH
FDPVKDIWZDVH[WHUQDOO\GULYHQE\HOHFWULFPRWRUZKLFKZDVKRXVHGLQVLGHDQDFRXVWLFLQVXODWLRQHQFORVXUHUHIHUWR
:DWDQDEHHWDOIRUIXUWKHUGHWDLOV)LJVKRZVWKHQRLVHUHGXFWLRQEHQHILWRIWKHQHZPRXQWLQJPHWKRGV7KH
LPSURYHPHQW LQ WKH ORZPLG IUHTXHQF\ UDQJH LV GXH WR WKH LVRODWLRQ RI WKH FRPPRQ UDLOZKHUHDV WKH HIIHFW RI WKH
LQMHFWRU VXVSHQVLRQ LV H[KLELWHG LQ WKH UHGXFWLRQ LQ WKH KLJKIUHTXHQF\ EDQGV ZKHUH WKH LQMHFWRU WLFNLQJ QRLVH LV
W\SLFDOO\GRPLQDQW

)LJ$FRXVWLFLPSURYHPHQWRIFRPPRQUDLOLVRODWLRQDQGLQMHFWRUVXVSHQVLRQ

0LWLJDWLRQRISXPSQRLVH
%HIRUHGLVFXVVLQJPHWKRGRORJLHVIRUWKHPLWLJDWLRQRIWKHSXPSQRLVHDFOHDUXQGHUVWDQGLQJRIWKHSXPSRSHUDWLRQ
DQGFRQWUROLVLPSHUDWLYH7KHEDVLFRSHUDWLRQDOFRQFHSWRIWKH+LWDFKL',*SXPSZLWKQRUPDOO\FORVHGLQOHWVROHQRLG
YDOYHLVGHSLFWHGSLFWRULDOO\LQ)LJ7KHLQOHWYDOYHLVRSHQHGSDVVLYHO\E\VXFWLRQIRUFHVDVWKHSOXQJHUPRYHVIURP
7'&WR%'&$WDQLQVWDQFHGHQRWHGDVɎ21WKHVROHQRLGLVHQHUJL]HGWREULQJWKHLQOHWYDOYHLQIXOO\RSHQSRVLWLRQ
RYHUFRPLQJWKHFRXQWHUDFWLQJVSULQJIRUFH7KHVODPPLQJRIWKHLQOHWYDOYHDJDLQVWWKHPHFKDQLFDOVWRSJHQHUDWHV
DQLPSDFWQRLVHZKLFKLVODEHOHG³LQWDNHYDOYHQRLVH´LQ)LJ7KHLQOHWYDOYHLVUHWDLQHGLQRSHQSRVLWLRQHYHQDIWHU
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WKHSOXQJHUUHDFKHV%'&WKXVIXHOLVVSLOOHGEDFNWRWKHORZSUHVVXUHVLGHXQWLODWLQVWDQFHɎ2))WKHVROHQRLGLVGH
HQHUJL]HGDQGWKHUHDIWHUWKHYDOYHLVEURXJKWWRFORVHGSRVLWLRQE\WKHODUJHK\GUDXOLFSUHVVXUHLQWKHFKDPEHU2QFH
WKHLQOHWYDOYHLVFORVHGWKHIXHOSUHVVXUHLQWKHFRPSUHVVLRQFKDPEHUTXLFNO\EXLOGVXSEDODQFLQJDQGRYHUFRPLQJ
WKHUDLOSUHVVXUHDQGRXWOHWYDOYHVSULQJIRUFHOHDGLQJWRIXHOGHOLYHU\WRWKHUDLO7KHFORVLQJRIWKHLQWDNHYDOYHDQG
UDSLG ULVH RI IXHO SUHVVXUH FDXVH WKH JHQHUDWLRQ RI WKH QRLVH HYHQW ODEHOHG ³FRPSUHVVLRQ QRLVH´ 7KLV SURFHVV LV
UHSHDWHGIRUHDFKOREHRQWKHDFWXDWLQJFDP7KHQXPEHURIOREHVRQWKHGULYLQJFDPW\SLFDOO\YDULHVIURPRQ
GLIIHUHQWHQJLQHV7KHDQJOHɎ2))PXVWEHSUHFLVHO\FRQWUROOHGE\WKHUHDOWLPHFRQWUROOHUVXFKWKDWWKHGHVLUHGIXHO
UDLOSUHVVXUHFDQEHREWDLQHG7RHQDEOHDQLPSOHPHQWDWLRQRIWKHFRQWUROVFKHPHVSUHVHQWHGKHUHLQDFXVWRPPRGHO
EDVHGFRQWUROOHUZDVGHVLJQHGDQGEXLOW%RUJHWDO



)LJ&RQWURODQGRSHUDWLRQRIDQRUPDOFORVHGVROHQRLGSXPS
2SWLPL]DWLRQRIWKHRXWOHWYDOYHGHVLJQXVLQJ'HVLJQRI([SHULPHQW
$VGHVFULEHGHDUOLHU WKHRXWOHWYDOYH LVSDVVLYHO\FRQWUROOHGE\ WKHEDODQFHRI IRUFHVGHSHQGLQJRQ WKHSUHVVXUH
GLIIHUHQFHEHWZHHQWKHIXHOLQWKHFRPSUHVVLRQFKDPEHURIWKHSXPSDQGLQWKHKLJKSUHVVXUHSLSH$GHWDLOHGVWXG\
ZDVSHUIRUPHG WR LQYHVWLJDWH WKH LQIOXHQFHRIFULWLFDOJHRPHWULF IHDWXUHVRQ WKHK\GUDXOLFSHUIRUPDQFHRI WKHRXWOHW
YDOYHDQGWKHHQVXLQJSUHVVXUHSXOVDWLRQVDQGQRLVH7KHIHDWXUHVZKLFKZHUHLGHQWLILHGWREHNH\LQFOXGHGWKHYDOYH
VHDWFRQWDFWDUHDWKHVLGHFOHDUDQFHVRIWKHYDOYHDQGVHDWWKHVSULQJIRUFHDQGWKHYDOYHVWURNH'HVLJQRI([SHULPHQW
ZDV WKHQ LPSOHPHQWHG WR LQYHVWLJDWH WKHHIIHFWVDQGSRVVLEOH LQWHUDFWLRQRI WKHVH IDFWRUVRQ WKHK\GUDXOLFDQGQRLVH
SHUIRUPDQFH'HVLJQRI([SHULPHQWLVDYHU\HIIHFWLYHPHWKRGIRUWKHLQYHVWLJDWLRQRIWKHHIIHFWRIYDULRXVSDUDPHWHUV
E\ WDNLQJ UREXVWQHVV LQWR DFFRXQW ,Q SDUWLFXODU WKH 7DJXFKL 5REXVW (QJLQHHULQJ DSSURDFK GHDOV ZLWK  W\SHV RI
IDFWRUVFRQWURO IDFWRUVDQGQRLVHIDFWRUV&RQWURO IDFWRUVDUHYDULDEOHVZKLFKFDQEHGHOLEHUDWHO\FRQWUROOHGZKHUHDV
QRLVHIDFWRUVDUHYDULDEOHVZKLFKFDQQRWEHFRQWUROOHG7DJXFKL5REXVW(QJLQHHULQJWDUJHWVWRVHHNWKHFRPELQDWLRQRI
FRQWURO IDFWRUV ZKLFK UHGXFHV WKH LQIOXHQFHV RI QRLVH IDFWRUV VXFK WKDW WKH GHVLUHG V\VWHP SHUIRUPDQFH FRXOG EH
DFKLHYHG$PRUHGHWDLOHGGHVFULSWLRQRI'HVLJQRI([SHULPHQWPHWKRGRORJ\FDQEHIRXQGLQWKHZRUNRI2PHNDQGD
HWDOZKRLQYHVWLJDWHGWKHHIIHFWVRI',*FRPSRQHQWVXVLQJ7DJXFKLPHWKRGVDQGLQWKHZRUNRI<DPDRNDHW
DO  IRU WKHVWXG\RI WKHNH\ IDFWRUV LQIOXHQFLQJ WKHRSHUDWLRQRIDJDVROLQHHQJLQHRSHUDWLQJ LQKRPRJHQHRXV
FKDUJHFRPSUHVVLRQLJQLWLRQ+&&,PRGH
)RU WKH RSWLPLVDWLRQ RI WKH RXWOHW YDOYH JHRPHWU\ ZH VHOHFWHG  SDUDPHWHUV PHQWLRQHG HDUOLHU DV FRQWURO
SDUDPHWHUVDQGSDUDPHWHUVFDPVKDIWVSHHGDQGIORZUDWHDVQRLVHSDUDPHWHUV7KHVLJQDOWRQRLVH61UDWLRDQG
WKHVHQVLWLYLW\ZHUHWKHQHYDOXDWHGE\WKHG\QDPLFUHVSRQVHXQGHUYDULRXVFRQGLWLRQV7KLVZRUNLVYHU\GHWDLOHGDQG
ZLOOEHWKHVXEMHFWRIDIXWXUHSXEOLFDWLRQLQLWVRZQULJKW$VDUHVXOWRIWKLVLQYHVWLJDWLRQWKHVHDWFRQWDFWDUHDZDV
LGHQWLILHG WR KDYH KLJKHVW VHQVLWLYLW\ IROORZHG E\ WKH VHDW GLDPHWHU 7KH RXWOHW YDOYH JHRPHWU\ZDV WKHQPRGLILHG
DFFRUGLQJ WR WKH UHVXOWV RI WKH 'R( DQG WHVWHG LQ D SURGXFWLRQ YHKLFOH ZLWK D  OLWUH HQJLQH )LJ  VKRZV WKH
LPSURYHPHQW LQ WKHN+]QRLVHEDQGZKLFK LVFKDUDFWHULVWLFRI WKHFRPSUHVVLRQHYHQWQRLVH WKH LPSURYHGRXWOHW
YDOYHGHVLJQZDVG%$TXLHWHUPHDVXUHGE\DPLFURSKRQHORFDWHGFPDZD\

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
)LJ$FRXVWLFQRLVHLPSURYHPHQWYLD'R(VWXG\IRUWKHRXWOHWYDOYHGHVLJQWKLUGRFWDYHDQDO\VLV

6RIWODQGLQJFRQWURO
$ VQDSVKRW RI WKH FXUUHQW SUHVVXUH DQGPLFURSKRQH VLJQDOV IURP WKH RSHUDWLRQ RI WKH SXPSRQ D SURGXFWLRQ 
F\OLQGHUOLWUHHQJLQHFDQEHVHHQLQWKHWLPHGRPDLQWUDFHVRI)LJDDQGLQ)LJE)URPWKHVROHQRLGFXUUHQW
WUDFHVWKHLQVWDQFHRILQOHWYDOYHRSHQLQJFDQEHLQIHUUHGIURPWKHFXUUHQWMHUNZKLFKLVREWDLQHGGXHWRWKHERXQFLQJ
HIIHFW DV WKH YDOYH KLWV WKH PHFKDQLFDO VWRS 7KLV HYHQW LV LQGLFDWHG E\ WKH EODFN FLUFOH LQ )LJ D 7KH EODFN
UHFWDQJOHVLQWKHWLPHIUHTXHQF\VSHFWUXPSURGXFHGYLD6KRUW7LPH)RXULHU7UDQVIRUPDWLRQ67)7LQGLFDWHWKHQRLVH
HYHQWVFRUUHVSRQGLQJWRWKHVROHQRLGLQWDNHYDOYHDVUHFRUGHGE\DPLFURSKRQHORFDWHGFPDZD\IURPWKHHQJLQH


)LJD2SHUDWLRQRIWKHSXPSLQQRUPDOPRGH7KHWRSSORWVKRZVWKH67)7SORWIRUWKHPLFURSKRQHGDWDDQGWKHERWWRPSORWVKRZVWKHWLPH
GRPDLQGDWDIRUWKHVROHQRLGFXUUHQWDQGUDLOSUHVVXUHWKHEODFNUHFWDQJOHVKLJKOLJKWWKHQRLVHHYHQWVDVVRFLDWHGZLWKWKHLQWDNHYDOYHE2SHUDWLRQ
RIWKHSXPSLQVRIWODQGLQJFRQWUROPRGH
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7KH LQWDNH YDOYH QRLVH LV GHSHQGHQW RQ WKH PDJQLWXGH RI WKH IRUFH DFWLQJ XSRQ WKH YDOYH ZKHQ LW UHDFKHV WKH
PHFKDQLFDOVWRS$VH[SODLQHGHDUOLHUWKLVIRUFHLVWKHUHVXOWDQWRIWKHK\GUDXOLFVXFWLRQIRUFHWKHVSULQJIRUFHDQGWKH
HOHFWURPDJQHWLF IRUFH7KH ODWWHU LV WKHRQO\FRQWUROODEOH IRUFH LI WKHFXUUHQWDSSOLHG WR WKH VROHQRLG LV VPDOOHU WKH
IRUFHZLOOEHVPDOOHUDQGKHQFHWKHLPSDFWZLOOEHOHVVQRLV\+RZHYHUWKHUHLVDILQLWHHOHFWURPDJQHWLFIRUFHZKLFKLV
UHTXLUHGWRHQVXUHWKDWWKHYDOYHLVKHOGRSHQGXULQJWKHVSLOOHYHQWZKHQWKHIRUFHVLQWKHFRPSUHVVLRQFKDPEHUDUH
KLJK2QWKHRWKHUKDQGWKHLQVWDQFHRIYDOYHKLWWLQJDQGLQOHWYDOYHQRLVHJHQHUDWLRQRFFXUGXULQJWKHLQWDNHHYHQW
ZKHQWKHIRUFHUHTXLUHGLVVPDOOWRRQO\RYHUFRPHWKHVSULQJIRUFHPRUHRYHUWKHK\GUDXOLFIRUFHZLOOWHQGWRKROG
WKHYDOYHRSHQ7KLVHQDEOHVWKHFRQWURORIWKHVROHQRLGLQVXFKDPDQQHUWKDWWKHYDOYHLVEURXJKWWRWKHIXOO\RSHQ
SRVLWLRQ E\ D VPDOOHU FXUUHQW IRU D VRIWHU ODQGLQJ DQG WKHUHDIWHU WKH FXUUHQW LV LQFUHDVHG IRU ODUJHU KROGLQJ IRUFH
GXULQJWKHVSLOOSKDVH7KLVFDQEHVHHQLQWKHFXUUHQWWUDFHVRI)LJEDQG)LJF6XFKDFRQWUROVFKHPHZLOOEHDU
QR HIIHFW RQ WKH FRQWURO RI WKH SUHVVXUH DV FDQ EH VHHQ LQ WKH SUHVVXUHWUDFH LQ )LJ E KRZHYHU D VLJQLILFDQW
UHGXFWLRQLQWKHLQWDNHYDOYHQRLVHFDQEHLPPHGLDWHO\QRWHGIURPWKH67)7SORWV)LJDTXDQWLILHVWKLVUHGXFWLRQ
DWDSSUR[LPDWHO\G%$DWWKHDQGN+]EDQGV


)LJD7KLUGRFWDYHDQDO\VLVFRPSDULVRQRIQRUPDOFRQWUROVKRZQLQEVRIWODQGLQJFRQWUROVKRZQLQFDQGVNLSSHGSXOVHFRQWUROVNLSSLQJ
HYHQWVVKRZQLQG5HVXOWVIURPDF\OLQGHUOLWUHHQJLQH

6NLSSHGSXOVHFRQWURO
,QDJDVROLQHHQJLQHIXHOV\VWHPQRLVHLVFULWLFDODWHQJLQHLGOHFRQGLWLRQVDWFRQGLWLRQVRIKLJKHQJLQHVSHHGDQG
SRZHURXWSXWWKHHQJLQHQRLVHZLOOEHVLJQLILFDQWO\KLJKHUPDVNLQJDQ\IXHOV\VWHPQRLVH0RUHRYHUSDUWLFXODUO\IRU
WKH FDVHRI KLJKSHUIRUPDQFH HQJLQHV HQJLQHQRLVHEHFRPHV DYHU\ LPSRUWDQW FKDUDFWHULVWLF IRU WKH VSHFLILF HQJLQH
PDQXIDFWXUHU$WFRQGLWLRQVRIHQJLQHLGOLQJWKHIXHOGHOLYHU\UHTXLUHPHQWVDUHYHU\ORZWKLVSUHVHQWVDQRSSRUWXQLW\
RI³VZLWFKLQJRII´WKHSXPSIRUDVHTXHQFHRISXPSHYHQWV WRPLQLPL]HWKHRYHUDOOQRLVHJHQHUDWHG7KLVKDVEHHQ
LPSOHPHQWHGIRUWKHQRUPDOFORVHGSXPSE\WULJJHULQJDQHYHQWZLWKYHU\HDUO\Ɏ2))IRUDODUJHRXWSXWIROORZHGE\
FRQWLQXRXV VROHQRLG FXUUHQW IRU D VHTXHQFH RI SXPS HYHQWV XQWLO WKH SUHVVXUH GURSV WR ZLWKLQ D SUHGHWHUPLQHG
WKUHVKROGWKHFRQWLQXRXVFXUUHQWHIIHFWLYHO\KROGVWKHSXPSLQRSHQYDOYHPRGH7KHSUHVVXUHZLOOWKHUHIRUHLQFUHDVH
UDSLGO\ LQ WKH SUHVVXUL]DWLRQ HYHQW DQGZLOO QRW EH LQFUHDVHG LQ WKH VHW RI HYHQWV IROORZLQJ UHIHU WR )LJ G7KH
HQJLQHFRQWUROXQLWFDQWKHQDGMXVWWKHLQMHFWLRQSXOVHZLGWKDFFRUGLQJWRWKHLQVWDQWDQHRXVSUHVVXUHUHDGIURPWKHUDLO
SUHVVXUHVHQVRU
)LJDVKRZVDFRPSDULVRQRIWKHRFWDYHDQDO\VLVIRUWKHPHDQVRXQGOHYHOVRIWKHFPPLFURSKRQH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